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Abstract. We have measured cross sections for the ®Cu(o.,y)®’Ga reaction in the 5.9-8.7 MeV energy range using an
activation technique. Natural Cu foils were bombarded with alpha beams from the 88" Cyclotron at Lawrence Berkeley
National Laboratory (LBNL). Activated foils were counted using gamma spectrometry system at LBNL's Low
Background Facility. The ®Cu(o.,y)®"Ga cross-sections were determined and compared with the latest NON-SMOKER
theoretical values. Experimental cross sections were found to be in agreement with theoretical values.

INTRODUCTION

Cross-section measurements for charged-particle
capture reaction on nuclei heavier than iron are
important for nucleosynthesis studies [1] and for
testing statistical model predictions. The inner zones of
supernovae, where temperatures exceed 10° K are
places where proton and apha particle reactions on
medium to heavy nuclei may be important in
determining the mix of elements and isotopes that
emerge from such stellar explosions. Within the last
few years, some proton capture cross sections in the
A=90-100 mass region [2-4] and alpha capture on
1%Sm, “Ge, and *Ru isotopes [5-7] have been
reported. Experimental alpha capture cross sections on
Ru and ***Sm were reported to be about 2.5 and 5-7
times lower than the latest theoretical values
respectively. An earlier measurement of alpha capture
on “°Ca also found cross sections to be about 3-5 times
lower than the theoretical predictions [8]. However,
the experimental S-factor values for the °Ge(a.,y)"*Se
reaction were in agreement with statistica model
calculations [6]. It is important to investigate alpha
capture cross sections for different mass regions to test
the theoretical models. Rapp et al. [7] indicated a
possible deficiency in the theoretical treatment of the
alpha channels for the mass region 100 and suggested
additional alpha induced cross section measurements
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over a wider mass range for understanding and
improving the situation.

Here we report the measured cross sections for the
®Cu(a,y)*Ga reaction in the 5.9-8.7 MeV energy
range using an activation technique. Experimental
procedure and comparison of the measured data with
the latest theoretica values are presented and
discussed.

EXPERIMENTAL PROCEDURE

Natural Cu foil of thickness ~1 mg/cm?® used in this
experiment were purchased from ACF-Metals,
Tucson, Arizona. The foils were floated on water from
glass dides and mounted on circular auminum
holders. Three stacks of targets each having four "™Cu
and one ™Ti foil of thickness 2.7 mg/cm? were
prepared. The target stacks were mounted on a thick
water-cooled copper block that also served as a beam
stop. Two stacks were irradiated for an hour with alpha
beam of energies 8.8 MeV and 7.9 MeV from the 88”
Cyclotron at LBNL. The beam current was 1y4A. The
third stack was irradiated for 6 hours with 7.0 MeV
beam energy and 0.1 YHA current. The uncertainty in
the beam energy was about 1%. The incident apha
beam energy on the successive foils was calculated by
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FIGURE 1. A partiadl HPGe y-ray spectrum of *Ga characteristic y lines (ty and t, = decay and counting time).

energy loss through Cu foils using dE/dx, values
estimated using the TRIM (the Transport of lons in
Matter) code [9]. On average, the loss per Cu foil was
about 300 keV. The beam current was integrated using
a Brookhaven Instruments Corporation I ntegrator.

The titanium foil, at the end of each stack, was
used for checking the current integration by the
“*®Ti(a,n)*'Cr reaction and as a catcher of the recoil
"Ga radioisotopes to estimate the recoiled fraction.
The monitoring reaction cross section was compared
with published experimental data[10].

Following each irradiation, the copper targets were
counted immediately using an HPGe detector to
measure the ®Ga activity, produced through the
®Cu(a,n)*®Ga reaction. All the copper foils were |ater
recounted for longer periods of time to measure the
®Ga activity using another HPGe detector, 80%
relative efficiency, aa LBNL's Low Background
Facility (LBF). A partial HPGe y-ray spectrum
collected at the LBF is shown in Figure 1 for the
characteristic  y-energies of “Ga The %Ga
radioactivity in samples bombarded with the two
highest beam energies was sufficiently high to count
at 25 cm and 15 cm away from the detector end cap.
However, for the lowest beam energy, samples were
counted at the end cap surface of the HPGe detector.
Efficiency calibration of the HPGe detectors was done
using calibrated point sources of *?Na, **Mn, *'Co,
®co, ™cd, ¥Ba, and *Cs gamma sources
purchased from Isotope Products Laboratories. The
efficiency curve for the surface counting position was
generated using count ratios of single gamma sources
at surface position and 25 cm away and following the

procedure of reference [11]. Single gamma lines 88.0
keV, 320.1 keV, 661.4 keV, and 834.8 keV from
19¢d, 'cr, *¥'Cs, and **Mn, respectively, were used.
The °'Cr source was available from the current
experiment.

All gamma spectra were analyzed using ORTEC
Gamma Vision software. The 91 keV and 93 keV
gamma lines of ®‘Ga were slightly overlapped in the
tail. The combined area of these two peaks was used
together to determine the ®*Cu(o.,y)*’Ga cross section.
The cross sections were deduced from the well known
activation equation:

A, = nogll-e*) )
Where, A, = product radioisotope activity at the end of
irradiation, n = number of target nuclides, o = cross
section, ¢ = number of incident particles, and
(1— e’“) = build up factor for adecay constant A and
irradiation timet.

The activity, A,, a the end of irradiation was
deduced from the measurement using the following
equation:

A) - /’iNO - ﬂC/{l 7g(e7ﬂ'(tcs’tie) _ e’}"(toe’tie) )}

)
Where, t, tee tie are counting start, counting end, and
irradiation end times, respectively, C = net area under
the peak for a counting duration (tcs- te), |, = gamma
ray intensity, and ¢ = detector peak efficiency.



TABLE 1. Nuclear data of the product radioisotopes used in this experiment [12]

Nuclear reaction Half life E, (keV) (1,%)
uncertainty for the least significant digit(s)
&Cu(a,y)® Ga 3.26d 91.3(3.16 + 9), 93.3(39.2 + 10), 184.6(21.2 + 3), 300.2 (16.8 +22), 393.5(4.68 + 6)
®Cu(a,n)®Ga 67.63 min 1077.4 (3.0 + 3)
®BTi((a,n)>Cr 27.7d 320.1(9.92 +5)

Cross sections of the ®*Cu(a.,y)®’Ga reaction were
deduced using al ®Ga y-rays and found to be
statistically consistent to each other. Nuclear data for
the product nuclei used in this experiment is presented
in Table 1. Reported cross sections for the
®3Cu(a,y)* Ga reaction in this paper are deduced using
the 184 keV y-ray. In all gamma spectra, this peak had
smooth tailing on both sides with statistically
reasonable peak area. Absolute y-ray intensities of
®"Ga are deduced in this work, considering the recent
®Ga decay data [13] and using relative y-ray
intensities from Ref. [14]. We used 184 keV y-ray
intensity of 20.7 + 0.1%, about 2 percent lower than
the value in Ref. [12]. There was an overlapping
bombarding energy for the last foil of the 1% stack and
the 1 foil of the 2™ stack. The agreement between
these two cross sections for the common energy was
excellent. This served as a cross check for the two
different sets of irradiation for the ®Cu(o.,y)*Ga
reaction measurement.

Titanium foils were counted after about 7 days at
the LBF using an HPGe detector for *'Cr and the
recoiled ®’Ga activities. This length of decay period
allowed the 91.3 keV and 93.3 keV “’Ga peaks to
appear in the spectra. Recoiled ®’Ga activity was
determined using equation (1) and (2) and was found
to be about 10%-14% in this experiment. Assuming a
uniform ®’Ga recoil out of the successive foils in the
stack, a correction of 12% was made for the first Cu
foil ®“Ga activity in each stack. Measured cross
sections for the **Ti(a,n)*'Cr reaction were compared
with the published experimental data [10] for beam
current calibration. The comparisons were in good
agreement for 8.8 MeV and 7.9 MeV beam current.
However, for the 7.0 MeV energy beam, Ti foil
interacted with incident alpha beam energy of 5.7
MeV and energy loss through the foil was about 1.3
MeV. Published cross section for the monitoring
reaction in this range was partially available, so the
calibration of the beam current for this beam energy
was incomplete. However, employing other cross
checks, such as simultaneous ®Cu(a,n)®Ga cross
section measurement and comparison with known
experimental results, we are confident with the beam
current integration technique.

Considering all uncertainties of detector efficiency
calibration, target foil thickness, beam current,
counting statistics, decay data, and recoil fraction, we
report 15% uncertainties for the measured cross
sections.

RESULTSAND DISCUSSION

Measured cross sections for the ®Cu(a,y)*Ga
reaction are presented in Table 2. In Figure 2,
measured values are presented along with the latest
theoretical values of the NON-SMOKER dtatistical
model [15]. Theoretica data points were obtained
from URL using the finite range droplet model
(FRDM) masses. These data points were not available
in regular intervals in the studied energy range,
however, from Figure 2, it can be seen that the
agreement between the experimental and theoretical
data are reasonably good for the ®Cu(a,y)®'Ga
reaction cross sections.

TABLE 2. Measured cross sectionsfor the ®*Cu(a..y)¥Ga

reaction
Beam Energy (MeV) Cross section (mb)
8.65+0.09 1.08+0.16
8.37+0.08 1.04+0.16
8.08+0.08 0.93+0.14
7.80+0.08 0.69+0.10
7.54+0.08 0.41+0.06
7.24 +0.07 0.26+0.04
6.99 + 0.07 0.18+0.03
6.88 + 0.07 0.13+0.02
6.56 + 0.07 0.07+0.01
6.22+0.06 0.026 + 0.004
5.88 + 0.06 0.012 + 0.002

The comparison of measured ®Cu(a,n)*®Ga cross-
sections in this work with those of Stelson et al. [16]
were found to be excellent. This agreement provides
an indication of the experimenta integrity for the
reported ®*Cu(a,y)®’Ga cross-section measurement.

Based on the present results and those from studies
of the “Ge(a,y)™Se reaction [6], it appears that the
NON-SMOKER theoretical calculations of (o,y) cross
sections in the mass region of A=60-70 are in
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FIGURE 2. Experimental and theoretical cross sections for the ®Cu(o.,y)* Gareaction.

reasonably good agreement with the experimental
data.

ACKNOWLEDGMENTS

We wish to acknowledge our gratitude to W. S.
Tiffany and G. A. Seaman for technical assistance
during experimental setup, C. R. Siero and R. K.
Thatcher for the 88" cyclotron operation. This work is
sponsored by Office of Basic Energy Sciences, U.S.
Department of Energy, under contract DE-ACO03-
76SF00098.

REFERENCES

1. Hoffman, R. D., Woodley, S. E., and Qian, Y.-Z,
Astrophys. Journal 482, 951 962 (1997).

2. Sauter, T., and Kappeler, F., Phys. Rev. C 55, 3127-3138
(1997).

3. Bork, J, Schatz, H., Kappeler, F., and Rauscher, T.,
Phys. Rev. C 58, 524-535 (1998).

4. Chloupek, F. R., Murphy, A. St. J., Boyd, R. N., Cole, A.
L., Gorres, J., Guray, R. T., Raimann, G., Zach, J. J.,
Rauscher, T., Schwarzenberg, J.V., Tischhauser, P., and
Wiescher, M. C., Nucl. Phys A 652, 391 405 (1999).

5. Somorja, E., Filép, Zs, Kiss, A. Z., Rolfs, C.,
Trautvetter, H-P., Greife, U., Junker, M., Arnould, M.,
Rayet, M., and Oberhummer, H., Nucl. Phys. A 621,
293c-296¢ (1997).

6.

10.

11.

12.

13.

14.

15.

16.

Fildp, Zs., Kiss, A. Z., Somorja, E., Rolfs, C. E.,
Trautvetter, H-P, Rauscher, T., and Oberhummer, H., Z.
Phys. A 355, 203 207 (1996).

Rapp, W., Heil, M., Hentschel, D., Ké&ppeler, F., and
Reifarth, R., Phy. Rev. C 66, 015803-11, (2002).
Cooperman, E. L., Shapiro, and M.H., Winkler, H., Nucl.
Phy. A 284, 163 176 (1977).

Ziegler, J. F., and Biersack, J. P., The Stopping and
Range of lons in Solids, New York, Pergamon Press,
1985. URL: http://www.srim.org/.

Morton, A. J,, Tims, S. G., Scott, A. F., Hansper, V. Y.,
Tingwell, C. I. W., and Sargood, D. G., Nucl. Phys. A
537, 167 182 (1992).

Gmuca, S, and Ribansky, I., Nucl. Inst. and Meth. 202,
435-437 (1982).

Firestone, R. B., Shirley, V. S,, Table of Isotopes, 8"
Edition, New Y ork, John Wiley & Sons, Inc., 1996.
Simpson, B. R. S., and Ntsoane, T. P., App. Rad. Iso. 52,
551-556 (2000).

Meyer, R. A., Prindle, A. L., Myers, W. A., Hopke, P.
K., Dieterly, D., and Koops, J. E., Phys. Rev. C, 17,
1822-1831 (1978).

Rauscher,T., and Thidemann, F.-K., Atomic Data
Nuclear Data Tables 79, 47-64 (2001). URL:
http://quasar.physik.unibas.ch/~tommy/nosmo.html.
Stelson, P. H. and McGowan, F. K., Phys. Rev. 133,
B911-B919 (1964).

This work was performed under the auspices of the U.S. Department of Energy by the University of California, Lawrence Livermore National Laboratory under Contract W-7405-Eng-48.



	Text1: This work was performed under the auspices of the U.S. Department of Energy by the University of California, Lawrence Livermore National Laboratory under Contract W-7405-Eng-48.


